Abstract. A new three-dimensional air pollution modeling system is described for urban and regional air quality studies. The system includes four major components: a meteorological model, a tracer transport code, a chemical and aerosol microphysical model, and a radiative transfer code. The meteorological model solves the equations of fluid dynamics and thermodynamics over complex terrain and incorporates physical processes such as turbulent diffusion, water vapor condensation and precipitation, solar and infrared radiative transfer, and ground surface processes. The tracer transport code computes the dispersion of gases and aerosols throughout the atmosphere, including the effects of emission sources, and dry and wet deposition. The chemistry/aerosol model treats coupled gas-phase photochemistry and aerosol microphysics and chemistry. Aerosol processes include nucleation, coagulation, condensational growth, evaporation, sedimentation, chemical equilibrium and aqueous chemistry. A detailed radiative transfer code is attached to the dynamical and chemical models. Absorption and scattering by gases and aerosols are explicitly treated to define photodissociation rates, heating and cooling profiles, and boundary layer visibilities. The integrated modeling system, which is referred to as the surface meteorology and ozone generation (SMOG) model, is shown to be a powerful tool for studying coupled dynamical, chemical, and microphysical processes on urban and regional scales.
winds are not often representative of air motions over complex topography where critical convergence and divergence processes may be occurring. In a few cases, meteorological models have been employed to drive air quality models [e.g., Chang et al., 1987] . In these studies it is found that modelgenerated circulations, which have better resolution than observations, more precisely describe meteorological features such as fronts, pressure systems, and regions of convergence. In the past, when a prognostic meteorological model has been employed, wind data have been stored for later use as input to drive a separate air quality model.
In this study a series of advanced modules describing meteorological dynamics, tracer dispersion, gas-phase chemistry, aerosol microphysics and chemistry, and radiative transfer are fully coupled in an integrated air pollution modeling system. With treatments included for all of the essential physical and chemical processes that are known to influence air quality, such a modeling system should be capable of simulating pollutant concentrations and distributions for a wide range of situations. The meteorological fields are no longer limited by the availability of dense observational data, since the dynamical/boundary layer module can simulate atmospheric motions over complex terrain where measurements are sparse or simply missing. A comprehensive treatment of smog photochemistry and aerosol microphysics, which is necessary for the study of air quality, is an integrated element of the model. The radiative effects of pollutants and clouds on boundary layer dynamics, and their impacts on surface visibility, can also be directly simulated with a coupled modeling system. We refer to the present integrated air quality model as the surface meteorology and ozone generation (SMOG) model. If properly formulated, such a model can be applied to many other regions of the world, given appropriate data on primary emissions and local topography and land use.
The SMOG modeling system represents a fully coupled mesoscale meteorological model and a gas, aerosol, transport, and radiation model (the GATOR code [Jacobson et al., 1996a]). We have used the meteorological component to carry out basic dynamical simulations for coastal regions in two and three dimensions Turco, 1994, 1995] and Turco [1994, 1995] improved and extended the basic tracer code by adding photochemistry and aerosol microphysics and chemistry, and coupling these with a twostream radiative transfer code developed by Toon et al. [1989b] . In this paper the structure and performance of the coupled dynamical/chemical code is described. Model validation against measurements collected during the southern California air quality study (SCAQS) is discussed in a second paper [Lu et al., this issue] (hereinafter referred to as paper 2). The SMOG model has been applied by Lu and Turco [1996] to investigate the formation of layers of oxidants and their recirculation in the Los Angeles basin.
In the following sections the components and structure of the SMOG model are described. An overview of this new integrated modeling system is given in section 2. Section 3 describes the meteorological components of the SMOG model. Treatments of tracer transport, gas chemistry, aerosol microphysics, and radiative transfer are discussed in sections 4 to 7. Section 8 summarizes the coupling between the components in the integrated modeling system. Section 9 presents an assessment of model performance based on simulations of passive tracer transport in the Los Angeles basin. The specific SMOG simulations for the southern California air quality study (SCAQS) and an analysis of model fidelity are described in paper 2.
Overview of the Integrated Modeling System
The SMOG modeling system consists of four major components: a mesoscale meteorological model, a tracer transport and dispersion code, a chemistry and aerosol microphysics model, and a radiation transfer code. The connections between these components are indicated in direct radiative effects. The problem is complicated because the radiative effects of particles depend on their spatial distribution and optical properties, such as extinction, singlescatter albedo, and asymmetry (phase function) factor.
Indeed, aerosols can also absorb water under humid conditions to form dense hazes with very strong scattering properties. Further, when the aerosols nucleate to form a fog or cloud, the effects are greatly amplified, which can significantly modify the atmospheric thermal structure and dynamical response. An integrated modeling system can be used to study such complications. 1. The coupled system includes detailed treatments of all the important physical and chemical processes involved in the formation of air pollution under a wide range of conditions. Hence the model should be applicable to different urban regions or specific pollution episodes.
2. All of the components and subcomponents are coupled together in a physically consistent manner, which avoids some problems with data manipulation, and offers a consistent treatment of the physical processes between all of the components.
3. The individual components or combinations of components can be nm independently in specialized investigations of particular physical and chemical processes, or for sensitivity analysis, with spatial resolution ranging from a box model to a full three-dimensional simulation.
4. The integrated model can be used to study the feedback effects of airborne pollutants on atmospheric thermodynamics and dynamical behavior.
To illustrate the possible applications of an integrated modeling system, consider the feedback between airbome tracer gases and aerosols and the radiative energy balance. In urban settings, high concentrations of aerosols could modify the temperature structure of the lower atmosphere through 
An equation similar to the continuity equation for water vapor is employed for the calculation of transport and diffusion of inert tracer species in the meteorology model.
The MMTD utilizes a staggered Arakawa C grid in the horizontal plane. Inertial gravity waves play an important role in mesoscale and small-scale atmospheric motions. The C grid is superior to others in three-dimensional simulations of the atmospheric geostrophic adjustment (inertial gravity wave) processes [Arakawa and Lamb, 1977] . The vertical grid is also a staggered one with the vertical velocities evaluated at the levels that separate the model layers. The other dependent variables are evaluated at the center of each layer. A secondorder energy and enstrophy conserving scheme proposed by Arakawa and Lamb [1977] [Lu, 1994] . We assume that the atmospheric motion near the lateral boundary is a superposition of predominant slowly moving long waves and high-frequency gravity waves. Boundary conditions are set separately for the two types 6f waves. We further assume that advective processes dominate over the slowly moving waves; e.g., as in the advection of potential vorticity in quasigeostrophic motions. For these advective processes, quantities near the boundary propagate with the local winds. The local wind component normal to the boundary is used to determine whether there is inflow or outflow at that grid point (similar to the method used by Kurihara and Bender [1983] and Ross and Orlanski [1982] ). The horizontal advection terms in the goveming equations are modified at the lateral edges to represent these boundary conditions. Additional boundary conditions are formulated to treat outgoing gravity waves. In constructing the boundary conditions for gravity wave propagation, the pressure and geopotemial height are extrapolated one grid interval outside of the model domain. Finally, the predicted values of meteorological parameters at the boundaries are relaxed toward prescribed values using a nudging technique.
Physical Processes
The meteorological model incorporates a number of important physical processes including horizontal subgrid scale diffusion, vertical turbulent diffusion, water vapor condensation and cloud formation, and solar and infrared radiation transfer. Lu [1994] provides details concerning the treatment of these processes in the meteorological model. Below, a summary of the key points relevant to this work is provided. Vertical turbulent fluxes are especially significant in this study, because they transport heat and control the depth of the planetary boundary layer, or mixed layer, comprising roughly the first 50 to 1000 m above the surface, depending on the time of day and surface conditions. Pollutant concentrations essentially vary inversely in relation to the boundary layer depth. Accordingly, a careful analysis of this process is critical to smog predictions.
Atmospheric boundary layer. The vertical turbulent flux divergences of momentum, potential temperature, and water vapor are given by (8) The aerodynamic resistance to evaporation is computed using similarity theory. A formula similar to (12) but for water vapor is used to calculate Ra. Soil resistance is determined from an empirical relation developed by Sun [1982] :
In the case of potential evaporation from wet surfaces, the rate of evaporation is limited by atmospheric diffusion. Evaporation from unsaturated soils is controlled both by diffusion in the atmosphere and in the soil. For a relatively dry soil, however, soil resistance limits the evaporation rate.
Our multilevel soil model is based on the heat and moisture diffusion equations (23)- (24) and (25) where e m is referred to as the "mass inconsistency" error. Note that this error is equivalent to a local source or sink for air, which therefore modifies its local concentration.
Nevertheless, for the tracer transport scheme used in this study, the errors (sources and sinks) sum to zero globally (i.e., over the entire domain) and the tracer is exactly conserved. In other words, the tracer continuity ( For horizontal subgrid scale "eddy" diffusion, the downgradient diffusion approximation discussed earlier is employed. Horizontal eddy diffusion represents the transport of tracers by large, yet unresolved, horizontally oriented eddy motions. The magnitudes of the horizontal diffusion coefficients are highly uncertain. We take the horizontal eddy diffusion coefficients to have a fixed value in this study.
Gas-Phase Chemistry
The chemistry solver built into the SMOG model is designed to handle a variety of photochemical mechanisms, according to the problem at hand. The specific set of chemical species and reactions of interest are defined as part of the input data stream using a simple alphanumeric format. The Aqueous chemical reactions occur in liquid aerosol particles exposed to the atmosphere. In solution, many absorbed species rapidly achieve equilibrium through dissociative reactions and may therefore be simply parameterized in terms of equilibrium constants. Reactions that are controlled by solution kinetics are included in a coupled set of chemical rate equations that are completely analogous to the gas-phase photochemical reaction system. The aqueous-phase chemical processes (equilibrium and kinetic reactions) included in the present aerosol module are tabulated by Jacobson [1994] . The equilibrium states of these complex solutions are solved using an algorithm (EQUISOLV) described by Jacobson et al. [1996b] . The numerical solutions employed for the aqueous chemical kinetic reaction set is similar to that used for gas-phase kinetics; that is, the SMVGEAR code is used to optimize accuracy and efficiency (refer to section 5).
Radiative Transfer and Photodissociation Rates
To calculate atmospheric solar and infrared heating rates, and molecular photodissociation rates, as a function of altitude and time, a two-stream radiative transfer code developed by Toon et al. [1989b] has been adopted. The Toon et al. code treats the general problem of a vertically inhomogeneous multiple-scattering atmosphere and includes a Mie scattering algorithm to describe the scattering by aerosol and cloud droplets. Compared against exact solutions, the normalized relative error is typically found to be less than 10% in calculating heating rates and photodissociation rates; this accuracy is sufficient for most atmospheric applications [Toon et al., 1989b] .
In the present tropospheric air pollution studies, the radiative transfer equations are solved at 203 solar and infrared wavelength intervals between 282 nm and 75 gxn. The spectral interval from 282 to 800 nm is divided into 65 wavelength intervals, each of which is solved individually. In the 800 and 4300 nm spectral region, the absorption in 61 wavelength intervals is aggregated into 16 line strength "probability" intervals for radiative transfer calculations. For solar radiation, the total atmospheric extinction is the sum of the extinction due to molecular Rayleigh scattering, absorption by gas species, and absorption and scattering by aerosols. Rayleigh scattering is dominated by N2 and 02 [Liou, 1980] . Absorption by 02, H20, CO2, and other gases is also considered in the calculation of the optical depth. Scattering and absorption by particles depend on the particle size distributions and compositions. The optical depths due to aerosol scattering, •,,,,s, and aerosol absorption, •,,,• 
Summary and Applications
Our integrated air pollution modeling system has been specifically developed for urban and regional air pollution studies. The SMOG model treats meteorology, tracer transport and dispersion, gas and aqueous phase chemistry, aerosol microphysics, and radiation transfer processes interactively. The meteorological model solves the equations of fluid dynamics and thermodynamics over complex terrain and incorporates the key physical processes that control boundary layer behavior. The tracer transport code computes the advection and dispersion of gases and aerosols in the atmosphere and treats emissions, dry and wet deposition, and aerosol sedimentation. The chemistry and microphysics includes a comprehensive urban photochemical mechanism, and detailed treatments of aqueous chemical kinetics, physical dissolution and thermodynamic equilibrium, and aerosol nucleation, coagulation, condensational growth and evaporation, and sedimentation. The radiation code calculates heating and cooling rates at solar and infrared wavelengths, and photodissociation rates at ultraviolet wavelengths.
The SMOG model has been used to study boundary layer behavior and pollutant dispersion in coastal environments Turco, 1993, 1995 x, y, z value for coordinates x, y, z. 
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